Matondo RB, Punt C, Homberg J, Toussaint MJ, Kisjes R, Korporaal SJ, Akkerman JW, Cuppen E, de Bruin A. Deletion of the serotonin transporter in rats disturbs serotonin homeostasis without impairing liver regeneration. Am J Physiol Gastrointest Liver Physiol 296: G963-G968, 2009. First published February 26, 2009 doi:10.1152/ajpgi.90709.2008.-The serotonin transporter is implicated in the uptake of the vasoconstrictor serotonin from the circulation into the platelets, where 95% of all blood serotonin is stored and released in response to vascular injury. In vivo studies indicated that platelet-derived serotonin mediates liver regeneration after partial hepatectomy. We have recently generated serotonin transporter knockout rats and demonstrated that their platelets were almost completely depleted of serotonin. Here we show that these rats exhibit impaired hemostasis and contain about 1-6% of wild-type serotonin levels in the blood. Despite the marked reduction of serotonin levels in blood and platelets, efficient liver regeneration and collageninduced platelet aggregation occur in rats lacking the serotonin transporter. These results provide evidence that liver regeneration is not dependent on the release of serotonin from platelets. Our findings indicate that very low levels of serotonin in blood are sufficient for liver regeneration.
the presence of insulin and epidermal growth factor (1) . In vivo studies demonstrated a mobilization of intestinal 5-HT and accumulation in the liver following partial hepatectomy (14) . Subsequent work showed enhanced hepatocyte proliferation following low-dose administration of 5-HT in mice subjected to partial hepatectomy (13) . Recent studies with the 5-HT agonist 2,5-dimethoxy-4-iodamphethamine and the 5-HT antagonist ketanserin support a key role for 5-HT2 receptors and its ligand in mediating hepatic regeneration (15, 20) . Furthermore, tryptophan hydroxylase 1 (TPH1) Ϫ/Ϫ knockout mice lacking peripheral serotonin, attributable to an absence of the rate limiting synthetic enzyme TPH1, exhibited an impaired liver regeneration after partial hepatectomy. This failure of regeneration was rescued by injection of the serotonin precursor 5-HTP (15) . Together these results suggest that 5-HT and its receptors have a key role in mediating liver regeneration.
The plasma membrane serotonin transporter (SERT) is critically important in regulating 5-HT homeostasis by actively removing 5-HT from the extracellular space, thereby storing it into intracellular vesicles where it becomes available for release in response to various stimuli (18) . Ninety-five percent of all 5-HT found in blood is stored in platelets via the SERT. Whether continuous SERT activity and 5-HT release from platelets is needed for liver regeneration is unknown.
In the present study, we show that 5-HT levels are almost completely diminished in platelets, blood, and liver of SERTdeficient rats. The SERT-deficient rats exhibit reduced hemostasis, but liver regeneration after partial hepatectomy is not impaired. These findings demonstrate that only very low levels of 5-HT are required for liver regeneration, indicating that an active platelet release of physiological levels of 5-HT is not essential for liver regeneration.
MATERIALS AND METHODS

Animals.
All experiments were approved by the Utrecht University Animal Ethics Committee and performed according to institutional and national guidelines. Experiments were designed to minimize the number of required animals and their suffering. The SERT knockout rats (Slc6a4 1Hubr , Wistar background) were generated by targetselected N-ethyl-N-nitrosurea-induced mutagenesis and genotyped as described (10) . Homozygous SERT knockout (SERT Ϫ/Ϫ ) rats and wild-type (SERT ϩ/ϩ ) littermates were obtained by crosses between heterozygous (SERT ϩ/Ϫ ) parents. Animals were housed under standard conditions in groups of two to four per cage per sex under controlled experimental conditions (12-h light/dark cycle, 21 Ϯ 1°C, 60% relative humidity, food and water ad libitum). Rats at the age of 12 wk were used for the hepatectomy experiments.
Bleeding time. Assessment of bleeding time was done as previously described with minor modifications (11) . Animals were anesthetized with 2% isoflurane in oxygen and air, followed by cleaning of the tail with water and chlorohexidene gluconate (SSL Healthcare, 's-Hertogenbosch, Netherlands). After this step, the tail was dried with a piece of gauze. Bleeding was then assessed by recording time from the moment the tail was incised until bleeding stopped completely.
Platelet counts, platelet volume, density, and aggregation. Blood samples for platelet counts were collected from the tail vein by using a 25-gauge hypodermic needles and then directly mixed with 10% of trisodium citrate dehydrate (TSCD) in a ratio of 1 part TSCD and 9 parts of blood sample. Platelet counting, platelet volume, and density were determined by using an automated Bayer ADVIA 120 analyzer at the Utrecht University, Veterinary Diagnostic Laboratory, as previously described (24) . Preparation of platelet-rich plasma, and collagen-induced platelet aggregation assay was performed as described previously with minor modifications (5). Platelet concentration was adjusted to 2.5 ϫ 10 8 cells/l in presence of 1 mM of CaCl2 ⅐ 2H2O end concentration. Aliquots of 291 l were warmed to 37°C for 5 min followed by addition of 3 l of collagen (10 g/ml) and 6 l of fibrinogen (0.5 g/ml). Aggregation was monitored continuously for 11 min at 900 revolutions per minute in an optical aggregometer (Model 570 VS; Chrono-Log, Havertown, PA).
ELISA. For ELISA, blood was drawn from portal vein and vena cava. All blood collection was performed under 2% isoflurane (Abbott, England) anesthesia, 0.4 and 0.3 l/min of oxygen and air, respectively. Preparation of serum and plasma samples as well as determination of 5-HT in blood by ELISA were performed according to the manufacturer's protocol (KAPL 10-0900; Biosource, Nivelles, Belgium). To determine 5-HT in the liver, 100 mg of liver was homogenized in 1 ml ice-cold 0.05 N HCl. Amount of protein in the samples were normalized after quantifying the total protein by Pierce BCA protein assay reagent kit. ELISA assays for 5-HT in the liver were performed as described in the manufacturer's protocol (Biosource).
Partial hepatectomy. Anesthesia in rats was induced by isoflurane 3%, oxygen 0.4 l/min, and air 0.3 l/min. Preparation of incision area was followed by injection of buprenophine hydrochloride (Temgesic) analgesic at the dosage of 0.01 mg/100 g body wt before starting surgery. Seventy percent partial hepatectomy was performed at 2% isoflurane. Surgical procedures involved midline incision of skin ϳ3-4 cm from xiphoid region, followed by muscles and peritoneum. The ligament connecting diaphragm and median lobes was removed as previously described (6) . Gentle pressure was applied to exteriorize the liver. To remove median lobes, two ligatures were applied on the vessel ϳ5 mm apart on its visceral surface close to the hilus. The blood vessel was freed from other tissue carefully to permit the passage suture (Mersilene) size 4 -0 (Johnson & Johnson, Dilbeek, Belgium) with the help of tissue forceps. The vessel was then separated by cutting between the two ligatures. A third ligature was laid by hand by passing the suture around the common pedicle of the median lobes. Finally a knot was tied between the first two ligatures and the lobes resected proximal to the third ligature. After cutting the ligament on the visceral surface of the left lower lobe, a ligature was laid with hands around its pedicle, and the lobe was ligated and resected.
Determination of BrdU incorporation. Two hours before the rats were euthanized, BrdU (Sigma-Aldrich, St. Louis, MO) dissolved in PBS was injected at a dose of 50 mg/kg body wt ip, and a carbon dioxide chamber was used for euthanasia at 20, 24, 48, and 96 h, respectively, after 70% partial hepatectomy. After the animals were euthanized, liver tissues were fixated in 10% formalin and imbedded in paraffin. Sections (4 m) were mounted on Super Frost Plus Slides (Menzel-Gläser, Braunschweig, Germany) and deparaffinized. Endogenous peroxidase activity was blocked by 0.3% H2O2 in methanol for 30 min at room temperature. Antigen retrieval was performed by heating the slides in preheated 10 mM citrate, pH 6.0, in a microwave oven for 15 min, cooled down for 30 min at room temperature. DNA denaturing was performed by incubating the slides in 2 N hydrochloric acid for 30 min at 37°C. After being washed with PBS buffer containing 0.1% Tween-20, background staining was blocked by incubating the slides with normal goat serum (1:10 diluted). Slides were incubated overnight at 4°C with the mouse anti-BrdU antibody, clone Bu20a (Dako, Glostrup, Denmark), diluted 1:50. After being washed in PBS-Tween-20 buffer, the slides were incubated in EnVisionϩ System horseradish peroxidase-labeled polymer anti-mouse (Dako) for 30 min. After the washing in PBS buffer, color was developed in 3-3Јdiaminobenzidine (Sigma-Aldrich). Sections were counterstained with 10% Mayer's haematoxylin (Merck KgaA, Darmstadt, Germany), dehydrated, and mounted in Eukitt mounting medium (O. Kindler, Freiburg, Germany). Percentages of BrdU-positive cells per slide were calculated after counting 1,000 nuclei per animal.
Statistics. Data are presented as means Ϯ SD. Further statistical analysis to compare SERT-deficient and SERT-proficient rats was done by using Student's t-test and Mann-Whitney U-test method with R software version 2.7.0 for Windows. Results were considered significant when P Ͻ 0.05, at a 95% confidence interval.
RESULTS
Bleeding time prolongation and platelet aggregation in SERT
Ϫ/Ϫ rats. To evaluate the role for SERT in blood hemostasis, we determined the bleeding time from wild-type rats and rats lacking SERT. Tail tips served on SERT ϩ/ϩ rats resulted in a mean bleeding time of 223 s (Fig. 1A) . In contrast, the mean bleeding time of SERT Ϫ/Ϫ rats extended to 376 s, indicating that SERT function is critical for regulating blood hemostasis.
One reason for the impaired primary hemostasis could be that SERT Ϫ/Ϫ platelets lost the ability to aggregate. Platelets carry 5-HT in the blood and release it at sites of tissue injury as part of their action on hemostasis. Our previous work has shown that SERT Ϫ/Ϫ rats contained about 1% of wild-type 5-HT levels in platelets (9) , demonstrating that SERT is critical for transferring 5-HT from the blood into platelets. To examine the role of SERT in platelet aggregation, we isolated rat platelets and performed collagen induced aggregation assays. SERT ϩ/ϩ and SERT Ϫ/Ϫ platelets demonstrated equal responses of ϳ70% aggregation within 5 min (Fig. 1B) , indicating that exacerbate bleeding in rats lacking SERT is not a consequence of reduced platelet aggregability.
Next, we quantified the numbers, volume (mean platelet volume), and density (mean platelet contents) of SERT Ϫ/Ϫ platelets and compared them with wild-type littermates. The platelet measurements were within physiological boundaries for SERT ϩ/ϩ as well as SERT Ϫ/Ϫ rats (Fig. 2, A-C) , suggesting that SERT deletion does not alter number, size, and density of platelets.
Since vasoconstriction occurs during hemostasis to reduce the flow of blood toward the damaged vessel and is mediated by a number of factors including 5-HT, we measured the levels of 5-HT in the peripheral circulation. The 5-HT concentration in platelet-free plasma of SERT Ϫ/Ϫ rats was reduced to about 6% of wild-type 5-HT levels (Fig. 2D) . These findings suggest Fig. 2 . Platelet numbers and reduced 5-HT blood levels in SERT Ϫ/Ϫ rats. SERT Ϫ/Ϫ and SERT ϩ/ϩ rats show same levels of platelet counts (A), mean platelet volume (MPV) (B), and mean platelet content (MPC) (C). 5-HT levels (D) are reduced in platelet-free plasma of SERT Ϫ/Ϫ rats (mean 381 pg/l) vs. SERT ϩ/ϩ rats (mean 3,364 pg/l) measured by ELISA assay. that low 5-HT blood levels impair vasoconstriction in SERTdeficient rats, resulting in prolongation of the bleeding time.
Efficient liver regeneration in SERT Ϫ/Ϫ rats. Previous studies suggested that 5-HT is involved in liver regeneration. To test whether reduction of 5-HT levels impairs hepatocyte proliferation in vivo, we performed 70% partial hepatectomy on SERT Ϫ/Ϫ rats. SERT Ϫ/Ϫ livers were histologically normal before and during partial hepatectomy and exhibited no differences in liver weight/body weight ratio compared with SERT ϩ/ϩ littermates (data not shown). To monitor hepatocyte DNA replication, we measured BrdU incorporation in livers of homozygous and control rats at 0, 20, 24, 48, and 96 h after partial hepatectomy. Regenerating livers from SERT Ϫ/Ϫ and SERT ϩ/ϩ rats exhibited an S-phase peak in hepatocyte DNA replication between 20 -24 h after partial hepatectomy (Fig. 3,  A and B) . Interestingly, regenerating SERT Ϫ/Ϫ livers displayed an increase in DNA replication at 24 h, whereas at other time points no differences were detectable.
On the basis of the fact that SERT Ϫ/Ϫ rats are incapable of transporting 5-HT into platelets, we investigated whether a potential local increase of 5-HT in the liver could explain the temporary accelerated DNA replication during liver regeneration. Since 5-HT has been reported to increase and attain maximum level in rat livers 24 h after partial hepatectomy (20), we measured 5-HT in the liver 24 h posthepatectomy. ELISA assays revealed decreased levels of 5-HT levels in SERT Ϫ/Ϫ livers compared with wild-type livers (Fig. 4A) . Moreover, we quantified the 5-HT levels in the portal vein, which provides the direct connection between 5-HT-producing enterochromaffin cells in the intestine and the liver. The portal vein of SERT Ϫ/Ϫ rats contained 6% of wild-type 5-HT levels, whereas the vena cava carried 1% of wild-type levels (Fig. 4B) . These results demonstrated that there was a decrease of 5-HT levels in the liver as well as in the portal vein of SERT Ϫ/Ϫ rats, indicating that the temporary increase in DNA replication is not due to local increase of 5-HT levels.
Progression into mitosis was not altered in regenerating hepatocytes of SERT Ϫ/Ϫ and SERT ϩ/ϩ rats, as evident by similar numbers of mitotic figures at 48 h after partial hepatectomy (data not shown). Taken together, these results suggest that low levels of 5-HT in platelets, blood, and liver are sufficient for liver regeneration and that the activity of SERT is not required for liver regeneration.
DISCUSSION
It was not surprising that SERT
Ϫ/Ϫ rats with diminished levels of 5-HT in platelets and blood exhibited a significant prolongation of experimental bleeding times (Fig. 1A) . Before gaining attention as a neurotransmitter, 5-HT was first detected in the blood and initially studied for its ability to trigger vasoconstriction (7). 5-HT is known to constrict endotheliumdenuded arteries, an important mechanism for the closure of vessels at sites of tissue injury (3).
It was surprising that SERT Ϫ/Ϫ platelets did not fail to aggregate in vitro upon stimulation with collagen (Fig. 1B) . Collagen stimulation induced a pronounced shape change and culminated in aggregation in both SERT ϩ/ϩ and SERT Ϫ/Ϫ platelets. Previous studies have shown that an initial dense body secretion, liberating 5-HT, ADP, and Ca 2ϩ , drives this reaction, which in turn induces ␣-granule release (22, 23) . The synergistic action of ADP, Ca 2ϩ , and 5-HT may explain the preserved aggregation of SERT Ϫ/Ϫ platelets in vitro, given that they contain about 1% of wild-type 5-HT amounts (9) , which appeared to be still enough to support the reaction together with the other secretagogs. Concordant with our findings in SERT Ϫ/Ϫ rats, TPH Ϫ/Ϫ mice, which contained about 5% of wild-type 5-HT levels in platelets, showed normal collageninduced aggregation and exhibited a prolonged bleeding time (8, 28) . Interestingly, recent studies performed on platelets derived from SERT Ϫ/Ϫ mice demonstrated a slower rate of ADP-induced aggregation (2) . In contrast to ADP, thrombin did not induce a decrease in aggregation rates in SERT Ϫ/Ϫ platelets of mice (2), indicating an agonist-dependent role of the SERT transporter in maintaining platelet aggregation. A more detailed study of how various platelet agonists trigger platelet aggregation will provide a deeper understanding of how SERT activity collaborates with the multiple pathways that drive platelet aggregation.
Several recent papers highlighted the importance of 5-HT in rodent hepatic wound healing (1, 15, 20) . The SERT is the major protein responsible for uptake and release of 5-HT (19) . 5-HT is present in high concentration in platelets, where it accumulates from the plasma via the active transport system SERT. To determine whether SERT activity is essential for liver regeneration, we performed partial hepatectomies on SERT Ϫ/Ϫ rats. Remarkably, liver regeneration was not impaired in SERT Ϫ/Ϫ rats, though 5-HT levels in blood, platelets, and liver were markedly diminished. These findings indicate that SERT function, as well as 5-HT released from platelets, is not critical for liver regeneration. The extreme low levels of 5-HT in blood, platelets, and liver of SERT Ϫ/Ϫ rats might even indicate that 5-HT is not required at all for liver regeneration. However, on the basis of the previous studies performed by Lesurtel et al. (15) showing that 5-HT agonist or 5-HT precur- sor molecules can reconstitute liver proliferation in TPH1 Ϫ/Ϫ mice, this suggests that 5-HT is essential for mediating liver regeneration. Therefore, our studies now indicate that very low blood levels of 5-HT are sufficient to support liver regeneration. This is supported by the fact that our SERT Ϫ/Ϫ rats contained about 1-6% of wild-type 5-HT levels in the blood (Figs. 2D and 4B) , whereas in TPH1 Ϫ/Ϫ mice 5-HT was not detectable in blood (27) and liver regeneration was impaired. Interestingly, low levels of 5-HT have been detected in platelets of TPH1 Ϫ/Ϫ mice and SERT Ϫ/Ϫ rats. These findings indicate that 5-HT levels in platelets are not relevant, but rather threshold levels within the blood are critical for efficient liver regeneration.
Another interesting finding is that DNA replication was enhanced after 24-h hepatectomy in SERT Ϫ/Ϫ rats compared with wild-type rats, whereas at other time points no differences were observed (Fig. 3, A and B) . In a previous study on regeneration of liver in rats, it was noted that splenoectomy increased platelet counts and accelerated liver regeneration via an unclear mechanism (26) . In another study, thrombocytotic mice exhibited increased liver regeneration while a thrombocytopenic group showed impaired regeneration (17) . In our study, there was no significant difference detected in the number of platelets between SERT ϩ/ϩ and SERT Ϫ/Ϫ rats ( Fig.  2A) , which could explain the accelerated liver regeneration. Since 5-HT is not stored in SERT-deficient platelets, we investigated whether the accelerated liver regeneration may be caused by an increased flow of 5-HT from the enterochromaffin cells of the intestine toward the liver via the portal vein. Compared with other peripheral vessels, 5-HT levels were higher in the portal vein, but 5-HT levels in SERT-deficient rats were still lower compared with wild-type littermates (Fig. 3B) . It has been reported that liver 5-HT levels peaked at 24 h after partial hepatectomy, remained at high levels up to 40 h, and declined to normal levels thereafter (20) . We considered the possibility of a temporal accelerated increase of 5-HT in the liver 24 h after partial hepatectomy, but our studies revealed that 5-HT levels in liver were lower in SERT Ϫ/Ϫ rats compared with the control rats (Fig. 4A ). Hepatocytes could be sensitized attributable to adaptation to continuous lower 5-HT levels; however, the mechanism remains unknown for the accelerated DNA replication observed in the SERT Ϫ/Ϫ rats after partial hepatectomy.
Our studies provide important insights in the understanding of the physiological role of serotonin in mediating liver regeneration. Previous work has documented an important role of 5-HT in liver regeneration and concluded that platelet-derived 5-HT is involved in the initiation of liver regeneration (15) . We demonstrate now that SERT Ϫ/Ϫ rats with 5-HT-depleted platelets exhibit efficient liver regeneration, indicating that the active release of serotonin from platelets upon liver injury is not required for liver regeneration. Our studies rather suggest that liver regeneration is dependent on sufficient levels of serotonin in the serum and independent of platelet-derived serotonin.
